The stability of citrate-capped silver nanoparticles (AgNPs) and the embryonic developmental toxicity were evaluated in the fish test water. Serious aggregation of AgNPs was observed in undiluted fish water (DM-100) in which high concentration of ionic salts exist. However, AgNPs were found to be stable for 7 days in DM-10, prepared by diluting the original fish water (DM-100) with deionized water to 10%. The normal physiology of zebrafish embryos were evaluated in DM-10 to see if DM-10 can be used as a control vehicle for the embryonic fish toxicity test. As results, DM-10 without AgNPs did not induce any significant adverse effects on embryonic development of zebrafish determined by mortality, hatching, malformations and heart rate. When embryonic toxicity of AgNPs was tested in both DM-10 and in DM-100, AgNPs showed higher toxicity in DM-10 than in DM-100. This means that the big-sized aggregates of AgNPs were low toxic compared to the nano-sized AgNPs. AgNPs induced delayed hatching, decreased heart rate, pericardial edema, and embryo death. Accumulation of AgNPs in the embryo bodies was also observed. Based on this study, citrate-capped AgNPs are not aggregated in DM-10 and it can be used as a control vehicle in the toxicity test of fish embryonic development.
Silver nanoparticles (AgNPs) have been widely used in inks, microelectronics, drug-delivery 55 agents, biosensors, and medical imaging due to their distinctive physico-chemical properties including 56 high electrical and thermal conductivity, chemical stability, catalytic activity, and non-linear optical 57 behavior. In particular, the broad spectrum of bactericidal activity of silver has made AgNPs 58 extremely popular in a diverse range of consumer products including personal care items, plastics, AgNPs over their lifetime, resulting in human and environmental exposures, which is of concern since 63 the cause of toxicity of AgNPs has not been well characterized (Fabrega et al., 2011) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 which is not optimal for the toxicity test of nanomaterials.
92
In this study, the stability/aggregation of 10 and 100 nm citrate-stabilized AgNPs was evaluated 
METERIALS AND METHODS

100
Materials
101
AgNPs at a concentration of 1.0 mg/mL with the presence of citrate as a capping agent
102
were purchased from NanoComposix, Inc. (San Diego, CA, USA). Two batches of spherical
103
AgNPs were tested with average particle sizes reported by the manufacture of 10 nm ± 2 nm 104 and 100 nm ± 8 nm. Fish water consisted of Instant Ocean salts (Aquatic Ecosystems, Apopka, FL,
105
USA) dissolved in reverse osmosis water at 0.3 g/L. Pronase was purchased from Sigma-Aldrich 106   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41 The exposure media was prepared using reverse-osmosis water with 0.3 g/L Instant Ocean Salts.
111
Conductivity was adjusted to 475 ± 50 μS and pH was adjusted to 7.25 ± 0.25 using sodium 
Embryo toxicity
150
Embryo viability was assessed at 24 and 120 hpf. At 48 hpf, heart-rate was counted during 10 151 second intervals and recorded for each embryo. Hatching was recorded at 72 hpf and again at 120 hpf.
152
Pericardial edema and circulation were evaluated and recorded at 120 hpf (Usenko et al., 2007 
RESULTS
160
Stability/Aggregation of AgNPs in exposure culture media 161 AgNPs were characterized using DLS and zeta potential. Figure 1 shows the size changes of
162
AgNPs (4 mg/L)in differently diluted embryo culture media. In deionized water, AgNPs seemed to be 163 stable and the aggregates of the nanoparticles were not formed. In Figure 1A , the average size of original 100 nm-sized AgNPs in different media dilutions, the pattern of particle stability seemed to 172 be similar to those of original 10 nm-sized AgNPs (Fig.1B) . The AgNPs of 100 nm-sized 173 nanoparticles also seemed to be stable both in deionized water and in the DM-10, but aggregated in 174 DM-100 of higher salt solution (Fig. 1B) . Interestingly, the aggregated formed from 100 nm-sized
175
AgNPs in DM-100 was not as large as those formed from the 10 nm-sized AgNPs. The size of 176 aggregates from 100 nm-sized AgNPs was maintained around a mean of 200 nm, while 10 nm-sized
177
AgNPs aggregated up to a mean size of 320 nm ( Fig. 1A and 1B) .
178
AgNPs seemed to aggregate and precipitate not only at increasing salt concentrations, but also when 179 the concentration of AgNPs in the media was increased (Fig. 2) . This suggests that some difference 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 embryo survival (Fig. 3) , hatching of embryos by 72 hpf (Fig. 4) , and the heart rate at 48 hpf was 207 decreased (Figure 5 ), and the incidence of pericardial edema at 120 hpf was increased (Fig. 6) 208 compared to control embryos. For these endpoints, higher toxicity was observed when AgNPs were 209 suspended in the DM-10 compared to those in the DM-100 media for both 10 nm-sized AgNPs and 210 100 nm-sized AgNPs (Fig. 3) . A similar effect was observed for the 100 nm-sized AgNPs in which 211 the majority of embryos (81±11 %) survived in DM-100 when exposed at 40 ppm, but no embryos 212   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  649 survived the treatment at 40 ppm in the DM-10 (Fig. 3) . While all control embryos hatched normally 213 by 72 hpf (day 3), those treated with AgNPs showed a concentration dependent decrease in the 214 number of embryos hatched (either from delayed hatching or failure to hatch) (Fig. 4) .
215
It is generally known that the chorion may block the chemical transport from the outer 216 environment into the inner core to protect the embryos. When the sensitivity of two types of embryos
217
(with -and without the chorion) was compared, it was found that the embryos with the chorion were damaged embryos (Fig. 7) . The AgNPs-exposed dechorinated embryos showed more deformity 224 compared to the embryos with the chorion. Deformities of larvae included yolk sac edema, curved or 225 bent axes, swelling around the yolk sac and pericardial edema. Delayed development and lack blood 226 circulation (or slowed circulation) with weak heart beats were also observed.
228
Effects of AgNPs on heart and vascular formation 229 Heart rate was recorded as a measurement of physiological response to AgNPs exposure. Heart rate 230 decreased in a concentration dependent manner in the AgNPs-treated embryos at 48 hpf (Fig. 5) .
231
Other negative cardiovascular impacts were also observed including thrombosis in the heart, 232 decreased heart stroke volume, and decreased circulating blood flow (data not shown). A 233 concentration dependent increase was shown in the percentage of embryos displaying pericardial 234 edema that survived until 120 hpf (Fig. 6) . 
DISCUSSION
237
With the wide use of AgNPs, it is more than possible that they will be released to the environment 238 either by direct application or during the life cycle of products (Fabrega et al., 2011 are aggregated, the toxic response may be affected.
250
Recently, aquatic toxicology studies of AgNPs have reported on the toxicities to algae, daphnids, hydrophilic chemicals such as citrate.
262
In this study, embryo media was diluted to prevent the aggregation of citrated stabilized AgNPs. As 263 shown in Fig.1 , AgNPs were very stable in diluted media with low salt concentrations. In the DM-10,
264
AgNPs were as stable as those in deionized water for 7 days, which is a long enough time to evaluate 265 embryo toxicity by this method. Because the salt concentration in DM-50 or DM-100 was higher than 
272
The 100 nm-sized AgNPs were more stable in the test media compared 10 nm-sized AgNPs. It 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Mortality, hatching, blood formation, blood circulation, touch response, and deformity were not 294 influenced in the DM-10. Furthermore, spontaneous movement and heartbeat were not changed 295 compared to the embryos cultured in DM-100 (Table 1) , showing that diluted media can be applied to 296 embryo toxicity tests to stabilize nanoparticle exposures.
297
Notably, this work shows that the impact of AgNPs treatment was dependent on both the size of the
298
AgNPs and the concentration of dissolved salts in the exposure media and that these variables had a 299 significant effect on all the endpoints evaluated (Fig. 3, 4 , 5 and 6). The smaller 10 nm-sized AgNPs 300 were more toxic compared to the larger 100 nm-sized AgNPs in either undiluted DM-100 or diluted 301 media DM-10. The difference in toxicity between the two sizes could potentially be explained under 302 consideration of alternative dose metrics other than mass in which toxicity could be measured against 303 the total surface area of the particles or the approximate number of particles or perhaps the rate of 304 particle dissolution. Also, the toxicity of both the 10 nm and 100 nm particles were more pronounced 305 when embryos were exposed in DM-10 compared to the embryos exposed to the same sized particle 306 but in DM-100. This shows that the toxicity of the particles are influenced by their environment,
307
affecting particle behavior in solution such as the degree of polydispersity, the rates of aggregation or 308 agglomeration, or the potential dissolution properties of particles. Primary particle size may still 309 represent a stronger contributing factor to AgNPs toxicity than hydrodynamic diameter measured by 310 DLS because the aggregates of the 10 nm AgNPs in undiluted media were larger and still more toxic 311 compared to the aggregates of the 100 nm AgNPs under the same conditions. AgNPs at higher 312 concentrations were also found to be less stable than those at lower concentrations in undiluted media 313 as evident in Fig. 2 which shows that larger numbers of aggregates were formed in response to the 314 increasing concentration. This effect was also more pronounced for the smaller 10 nm-sized AgNPs 315 than for the larger 100 nm-sized AgNPs (Fig. 2) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  6413   13 The chorion is considered to be an important barrier to some chemicals, protecting embryos from to that observed in dechorinated embryos, dechorinated embryos were more resistant to AgNPs and 327 survived as described before. AgNPs may also have accumulated inside the chorion (Fig. 7) ,
328
increasing the mortality of embryos.
329
Citrate-stabilized AgNPs were easily aggregated in undiluted media and this seemed to clearly 330 affect the observed toxicity in comparison to the AgNPs in diluted media which were stable during 331 the exposure period and likely better represent the toxic potential of these particles. Here we showed 332 that AgNPs caused mortality, delayed hatching and failure to hatch, general dysmorphology, heart 333 dysfunction and slow blood circulation. This work also suggests that the toxicity of AgNPs in 334 particular and perhaps many other classes of nanomaterials seem to be strongly influenced by primary 335 particle size, media characteristics, and particle behavior and that particle characterization throughout 336 the exposure period is a necessary requisite to accurately estimate the potential hazard of 337 nanomaterials in a context dependent manner. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
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Graphs are the differences in mean heart rate from control embryos at 48 hpf for each treatment type.
467
Individual means were calculated for each of four experimental replicates and the mean of the control 468 animals were subtracted from each of the replicates and a new mean was calculated from those values.
469
Plotted is mean ± SEM of four experimental replicates (n=4). 
472
Graph shows the proportion of embryos surviving at 120 hpf that also had pericardial edema (PE) for 473 each treatment type. Plotted is mean ± SEM of four experimental replicates (n=4). 
476
Embryos were cultured in 10 % diluted embryo media (DM-10) and a representative photo is shown 477 (5X). C stands for control group and T for AgNPs-treated group. AgNPs in treated group seemed to 478 be accumulated in the core of embryos with a black color. C1 and T1 at 8 hpf, C2 and T2 at 1 dpf, C3
479 and T3 at 2 dpf, C4 and T4 at 3 day post fertilization (dpf). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 65 
